External electric field effect on electron transport in carbon nanotube^ 
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Electronic transport properties of carbon nanotubes are studied theoretically in the presence of external 
electric field E{t) by using the Boltzmann's transport with constant relaxation time. An analytical expression 
for the current densities of the nanotubes are obtained. It is observed that the current density-electric field 
characteristics of the CNs exhibit total self-induced transparency and absolute negative conductivity 
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I. INTRODUCTION 

The electrical transport properties of carbon nan- 
otubes (CNs) have been the subject of much research 
ever since the discovery by lijimai of the quasi-one- 
dimensional monomolecular structures. This may be due 
to their abilities to exhibit Bloch oscillations^"^ at mod- 
erate electric field strengths. This oscillatory response 
makes CNs inherently nonlinear and as such can perform 
varieties of transport phenomena. Under different condi- 
tions of an external electric field, an electron is predicted 
to reveal a variety of physical effects such as Bloch os- 
cillations, self-induced transparency, negative differential 
conductivity, absolute negative conductance**, etc. 

We shall demonstrate in this paper two phenomena in 
CNs, which are self-induced transparency and absolute 
negative conductance for the following cases respectively: 

• When the CNs is exposed to an a.c electric field, 
i.e E[t) — EicosLot 

• When the CNs is exposed to an a.c. and d.c electric 
field, i.e E{t) = E^) + Eicoscut 



II. THEORY 

Following refj^ and using the approach similar to 
refi^, we consider a response of electrons in an undoped 
achiral single- wall carbon nanotubes subject to an exter- 
nal electric field. 



We use the semiclassical approximation in which tt- 
electrons are considered as classical particles with dis- 
persion law extracted from the quantum theory in the 
tight-binding approximation*. 

Considering the hexagonal crystalline structure of 
zigzag and armchair CNTs within tight binding approx- 
imation, the dispersion relation is given as^ respectively. 
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Here 70 ~ 3.0 eV is the overlapping integral, Pz is 
the axial component of quasimomentum, /^p^ is trans- 
verse quasimomentum level spacing and s is an integer. 
The expression for a in Eqns. ^ and ([3]) is given as 
a = 36/2/1. With the C-C bond length b = 0.142 nm and 
h is the Plank's constant, we shall assume h = \. The 
— and + signs correspond to the valence and conduc- 
tion bands, respectively. Due to the transverse quanti- 
zation of the quasi-momentum, its transverse component 
can take n discrete values, p^p = sl^p^ = {jTy/is) / an, 
[s — l,...,n). Unlike transverse quasimomentum p^, 
the axial quasimomentum pz is assumed to vary continu- 
ously within the range < < 2tt / a, which corresponds 
to the model of infinitely long CNT [L — 00). This model 
is applicable to the case under consideration because of 
the restriction to the temperatures and / or voltages well 
above the level spacing*, i.e, ksT > ec, Ae, where ks 
is Boltzmann constant, T is the temperature, ec is the 
charging energy. The energy level spacing Ae is given by 
Ae = Trhvp/L, where vp is the Fermi velocity and L is 
the carbon nanotube length- 
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Employing Boltzmann equation with relaxation time 
r — constant, 



dt 



where e is the electron charge, /o(p) is the equilibrium 
distribution function, f{p,t) is the distribution function, 
and T is the relaxation time. The electric field E{t) is 
applied along CNTs axis. In this problem the relaxation 
term r is assumed to be constant. 

Expanding the distribution functions of interest in 
Fourier series as; 



fa{p) = Ap^ ^^{Pv~ sAp^) ^ fr. 
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and 



Here the coefficient, 5{x) is the Dirac delta function, frs 
is the coefficient of the Fourier series and ^v{t) is the fac- 
tor by which the Fourier transform of the nonequilibrium 
distribution function differs from its equilibrium distribu- 
tion counterpart. The expression /^s can be expanded in 
the analogous series as follows 
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Substituting Eqns. © and (O into Eqn. ([3]), and solving 
with Eqn. ([1]) we obtain 
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where P = {eaEi)/Lu, Jk{r/3) is the Bessel function of the 

Similarly, taking into account the relation 
Vz{pz,sAp^) = dersiPz)/dpz, we represent es(Pz)/7o in 
Fourier series with the coefficients as follows; 
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the quasiclassical velocity Vzipz, sAp^) of an electron 
moving along the CNs axis is given by the expression 
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showing that the velocity of electron is a periodic function 
of the momentum. The electron surface current density 
jz along the CNs axis is also given by the expression 
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where the integration is carried over the first Brillouin 
zone. Substituting Equs.®, dH]) and (HUl) into ((III) we 
find the current density for the CNs after averaging over 
a period of time t, as 
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Equation (jl2p can be expressed in the form 
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If kuJT >> Ht and kujT >> 1, Eqn. takes the form 
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Where r/3 — earEi/oj, Jo{rl3) is the Bessel function of the 
zeroth order, uj = eaEo for zigzag CNs and = eaEo/VS 
for armchair CNs. 

The second term in the bracket of equation (|14p is 
less than the first term; however when again r/3 coin- 
cides with the roots of the zeroth order Bessel function, 
the first term disappears and the current becomes neg- 
ative, i.e. it fiows against the applied d.c field. This 
phenomenon is called absolute negative conductivity and 
was first observed by Kryuchkov et alP . 

Now, substituting i?o = in Eqn. ([8]), we obtain 
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Hence, we obtain 
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Where r/3 — earEi/u, is the Bessel function of the 
order. For — 0, Eq. ([T^ becomes 
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III. RESULTS AND DISCUSSION 



Using the Boltzmann's transport equation with con- 
stant relaxation time, we theoretical study the electron 
transport phenomena in CNs. For the condition of high- 
frequency fields, E{t) = Eicosujt, an analytical expres- 
sion for the current density was obtained in equation 
p7| . See Fig. [TJ From Eqn. it is observed that 

when r/3 is equal to the roots of the zeroth order Bessel 
function (2.4, 4.8, 8.4, 11.8, 14.8, 18.0), becomes zero, 
i.e. there is no conduction, the CNs behave as an in- 
sulator. This phenomenon is called total self induced 
transparency first observed by Ignatov et al^. However, 
when the CNs is exposed to an a.c. and d.c electric fields, 
i.e E{t) = Eq + Eicosujt and kur » 1, we obtained ex- 
pression (1141) which is an indication for absolute negative 
conductivity i.e. current flows against the applied d.c 
field. See. Fig. H 



IV. CONCLUSION 

In conclusion, we have theoretically studied the effect 
of a.c and d.c electric field on the transport properties of 
CNs. It is noted that in the presence of these fields, phe- 
nomena like total self induced transparency and absolute 
negative conductivity are observed. 
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FIG. 1. Normalised current density (jz/jo) amplitude (/3) 
characteristic curve for expression p7[): armchair (blue) and 
zigzag (red). 



FIG. 2. Normalised current density (jz/jo ) amplitude (/3) 
characteristic curve for expression p5|) ; armchair (blue) and 
zigzag (red) . 



